
Thermochimica Acta, 203 (1992) 391-417 
Elsevier Science Publishers B.V., Amsterdam 

391 

Kinetics of short-range ordering in cr Cu-Al alloys 

Ari Varschavsky 

Uniuersidad de Chile, Facultad de Ciencias Fisicas y Matemdticas, 
Instituto de Incestigaciones y Ensayes de Materiales, Casilla 1424 Santiago (Chile) 

(Received 20 November 1991) 

Abstract 

The ordering behaviour in quenched (YCU-Al was investigated by differential scanning 
calorimetry (DSC) under rising temperature conditions and by electron diffraction. It was 
found that the ordering processes can be better explained in terms of a homogeneous 
short-range order (SRO) model rather than a heterogeneous disperse order (DO) model as 
previously interpreted for the same type of experiments. The DSC traces indicate that the 
ordering takes place in two stages: the stage 1 ordering at lower temperatures is associated 
with the migration of excess vacancies and the stage 2 ordering at higher temperatures is 
associated with the migration of equilibrium vacancies. At higher temperatures, a marked 
surge of energy absorption occurs (stage 3) which is attributed to the destruction of order. 
For furnace-cooled alloys, only stage 3 appears. The relative dominance of stages 1 and 2 is 
influenced by the quenching temperature, the quench rate, the density of vacancy sinks and 
the sample shape before quenching. A relationship describing the overall SRO kinetics for 
both stages together, in terms of either the reacted fraction or the first SRO parameter, is 
proposed. A method for evaluating boundary values for this parameter is developed, making 
use of the features displayed by the DSC thermograms. The mobility of the vacancies, which 
controls their life-time and the short-range ordering rate, was evaluated by computing 
frequency factors and activation energies. Values for activation energies controlling the 
short-range ordering rate are somewhat smaller than the effective values obtained for stage 
1 from the DSC traces, suggesting that the presence of solute-vacancy complexes may be 
important mainly as the aluminium concentration increases. From estimations of solute- 
vacancy and divacancy binding energies, it is inferred that divacancy formation is unlikely in 
the alloys under study. Process frequency factor values are in very good agreement with 
those calculated for a short-range order state developed during two-stage ordering by a 
vacancy mechanism. A flow diagram of the factors controlling the fractional increase of 
short-range order during anisothermal experiments is proposed. 

INTRODUCTION 

There has been continuing interest in the local-order structure of the 
a-phase in Cu-Al alloys since the electrical resistivity studies on neutron- 
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irradiated material by Wechsler and Kernohan [l] indicated that a compo- 
sition-dependent, diffusion-controlled, solid-state reaction occurs under 
certain conditions. Perhaps the most comprehensive study of such reactions 
in this system is that of Matsuo and Clarebrough [2] who identified the 
presence of short-range order (SRO) by calorimetry and resistivity meas- 
urements suggesting the role of vacancies in the kinetics of ordering. 
Further evidence of SRO in &u-Al alloys has been reported by Borie and 
Sparks [3] using diffuse X-ray scattering and by Panin et al. [4] using 
density and resistivity measurements. In the literature cited above, it is 
clear that SRO in &u-Al has been well identified. 

The different features of ordering have been investigated, for instance, 
by diffuse scattering of X-rays [3,5-91, by small-angle X-ray scattering [lo], 
by electron microscopy and electron diffraction [l l-151, by determination 
of elastic and plastic properties [16-181, and strengthening and fatigue 
properties [19-241, as well as by electrical resistivity [25-281 and thermal 
analysis [16,17,21,29-341. Two of these studies [14,16] inferred that after 
isothermal annealing at a temperature of 523 K (which is around the 
estimated critical value for domain dissolution [34]), for 1800 s, a disperse 
order (DO) state could be detected in quenched Cu-19 at.% Al. These 
findings were fairly consistent with the measured diffusion time (2400 s) at 
518 K for furnace-cooled alloys pre-annealed for 80 h, where no excess 
vacancies were available [34]. However, for the same alloy, analysis of data 
obtained from non-isothermal experiments at different heating rates em- 
ploying differential scanning calorimetry (DSC) [32], confirmed that the 
relaxation times at peak temperatures were about three orders of magni- 
tude less than the calculated diffusion times required for an equilibrium 
DO state to be developed at those temperatures [14,16]. At lower alu- 
minium concentrations, such differences become even larger [34]. Further- 
more, the critical temperature for domain dissolution, which occurs by a 
first-order transition [34], is lower than the temperatures at which the 
ordering process goes to completion for the range of heating rates usually 
employed in DSC scans [2,16,32]. Thus, it seems unlikely that ordered 
regions would develop in quenched alloys during rising temperature experi- 
ments where ordering reactions have to take place before disordering 
commences. 

Therefore, one sees that while this alloy system has been rather inten- 
sively investigated for a long time, no fully acceptable description of the 
kind of local order has evolved, the interpretation of the results being 
strongly influenced by the type of experiments carried out. In addition, 
although the study of short-range ordering phenomena in &u-Al alloys 
continues [35,36], there is comparatively little research concerning the 
kinetics of the SRO process from a quantitative treatment of DSC traces. 
This technique is particularly appropriate if a statistical SRO model is 
suitable, because for these alloys, the changes in internal energy can be 
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represented effectively by the change in the order parameter for the first 
coordination shell as it was demonstrated by Kuwano et al. [37]. 

The principal objectives of the present work are: to determine whether 
during non-isothermal experiments performed in quenched and furnace- 
cooled alloys a homogeneous rather than a heterogeneous SRO state is 
developed; to propose relationships describing the overall SRO kinetics by 
means of DSC techniques; to compute boundary values for the first SRO 
parameter from the features displayed by the DSC traces (thus enabling 
the capabilities of the technique to be enhanced); to investigate the relative 
dominance of the stages involved in the ordering process after different 
quenching conditions in an attempt to clarify the effect of excess vacancies; 
and to determine the vacancy behaviour during the return of SRO to 
equilibrium. 

MATERIAL AND EXPERIMENTAL METHOD 

The three aCu-Al alloys studied contained, respectively, 3.00 f 0.04, 
6.00 +_ 0.07 and 9.0 f 0.10 wt.% aluminium (99.97 wt.%). They were pre- 
pared in a Baltzer VSG 10 vacuum induction furnace from electrolytic 
copper (99.95 wt.%) in a graphite crucible. The ingots were subsequently 
forged at 923 K to a thickness of 10 mm, pickled with a solution of nitric 
acid (15% in distilled water) to remove surface oxide, annealed in a 
vacuum furnace at 1123 K for 36 h to achieve complete homogeneity, and 
cooled in the furnace to room temperature. They were cold-rolled to 1.5 
mm thickness with intermediate annealing periods at 923 K for one hour. 
After the last anneal, the material was finally rolled to 0.75 mm thickness 
(50% reduction). A subsequent heat treatment was performed at 873 K for 
one hour, followed by quenching. Microcalorimetric analysis of the samples 
was performed in a Du Pont 2000 thermal analyser. Specimen discs of 0.75 
mm thickness and 6 mm diameter were prepared and examined for each 
material condition. Differential scanning calorimetric measurements of the 
heat flow were made by operating the calorimeter in the constant heating 
mode (heating rates of 0.83, 0.33, 0.17, 0.083 and 0.033 K s-l). Runs were 
made from room temperature to 740 K. To increase the sensitivity of the 
measurements, a high purity, well-annealed copper disc, in which no 
thermal events occur over the range of temperatures scanned, was used as 
a reference. In order to minimize oxidation, dried nitrogen (0.8 X lop4 m3 
min-‘) was passed through the calorimeter. 

Thin foils suitable for transmission electron microscopy were prepared 
by cutting sheets in a Servomet spark-cutter machine. The sheets were 
electrolytically thinned to a thickness of 0.06 mm using a 50% phosphoric 
acid and 50% ethyl alcohol solution. Then discs were shaped from the 
sheets in the spark-cutter machine, using a special holder developed in our 
laboratory. Some discs were quenched from 873 K, introduced in the 
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calorimeter and heated at a heating rate of 0.033 K s-l up to 515 K, 
followed by quenching. Some other discs were quenched from 873 K and 
annealed for 1 h at 515 K, and finally another batch of discs were simply 
quenched from the same temperature. Then, all discs were subjected to a 
final electrolytic thinning in a Struerss Tenupol machine using the same 
solution as above. Electron diffraction was performed in a Philips EM-300 
electron microscope. 

RESULTS AND DISCUSSION 

DSC thermograms for quenched alloys 

Typical thermograms for the three alloys are shown in the differential 
heat capacity AC, versus temperature (T) curves at the indicated heating 
rates 4 in Fig. 1. They are characterized by two exothermic peaks, namely 
stages 1 and 2 and one endothermic peak, stage 3. Stages 1 and 2 have 
been reported in the literature in connection with short-range order 
development assisted by the migration of excess vacancies and by the 
migration of equilibrium vacancies respectively, while stage 3 has been 
associated with a disordering process [2,17,38]. The height and area under 
all of these peaks increase with the aluminium content. 

It can be observed in Fig. 1 that all stages shift to lower temperatures as 
the aluminium concentration C increases. Also the relative dominance of 
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Fig. 1. DSC thermograms for c&u-Al alloys quenched from 873 K. Each curve is labelied 
with the heating rate. 
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the different stages is independent of the heating rate. These features 
reflect that all reactions are kinetically controlled. A kinetically controlled 
dissolution process is expected from a homogeneous SRO state or from the 
dissolution of particles taking place by a second-order transition [39]. 
However in the latter case, the width and height of stage 3 are dependent 
on the heating rate [39]. If the dissolution occurs by a first-order transition 
as in a DO state in &u-Al alloys, where ordered domains are based on 
the Cu,Al structure [11,14], the process is thermodynamically controlled 
and, hence, the peak temperature of stage 3 is independent of the heating 
rate. However, none of these features are observed in Fig. 1; the latter 
behaviour has been reported during non-isothermal scans for two-stage 
ordering in alloys exhibiting heterogeneous order [40-421. Therefore, the 
observed heating rate dependence of the peak temperature of stage 3 and 
its associated shape invariability reflects the disordering of a homogeneous 
SRO state. Regarding the effect of Al content on the temperature at which 
the maximum of stage 3 takes place for a given heating rate, it can be seen 
in Fig. 1 that this temperature is independent of the alloy composition. 
This can also be interpreted in terms of the disordering of a homogeneous 
SRO state. In fact, if this stage is attributed to the dissolution of disperse 
ordered domains, a shift to lower temperatures with decreasing aluminium 
content would be expected, because finer particles are predicted to be 
developed according to Aubauer’s model of DO [43]. Finer particles reduce 
the dissolution temperature because of the increased surface-to-volume 
ratio. Hence, from the features displayed in the DSC traces for the present 
quenching conditions it is expected that a homogeneous SRO state devel- 
ops in two stages. However, additional evidence is necessary to confirm 
this; this is presented in the following two sections. 

The areas under the AC, versus T curves which correspond to the 
enthalpies of the different reactions in stages 1, 2 and 3 are listed in Table 
1. The enthalpy absorption associated with stage 3 was evaluated by 
considering the area of the ACP versus T curve between the temperature 
at which the curve of stage 2 crosses the baseline and the temperature at 
which energy is absorbed at a constant rate from the baseline. The 
enthalpy of exotherms 1 and 2 was determined by integrating the area 
below the maximum in the DSC scan. As expected, it can be noticed that 

TABLE 1 

Enthalpimetric data for stages 1, 2 and 3 measured at C#J = 0.33 K s-l 

Material 
(at.% Al) 

- AH, -AH, AH3 

(J mol-‘) (J mol-‘) (J mol-‘) 

19 11.3 28.3 25.8 
13 6.9 18.9 15.5 
6.5 2.3 8.9 5.0 
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Fig. 2. Kissinger plots for &u-Al alloys quenched from 873 K. 

all of these enthalpies increase as the alloy becomes more concentrated. It 
was also verified that their values are independent of the heating rate. In 
order to have a deeper insight into all these processes, a kinetic study was 
performed, see below. Values appearing in Table 1 for stages 1 and 2 are 
used later in connection with this analysis. 

Kinetic parameters and kinetic laws 

Values for the activation energies are required to perform the non-iso- 
thermal kinetic analysis. These values were computed using Kissinger’s 
peak-shift method [44]. Figure 2 shows the dependence of ln(4/T’) on 
l/T, for the three stages, where TP is the peak temperature. The corre- 
sponding lines, with slopes -E/R, give an evaluation of the activation 
energy E for each process; these values are listed in Table 2. 

It can be seen from Table 2 that the activation energies for stage 1, 
although somewhat higher, are consistent with those for vacancy migration 
[45], while those for stage 2 agree reasonably well with those for self-diffu- 
sion reported in the literature [25,28,46]. These values decrease with 
aluminium content, which is consistent with the decrease in atomic mobility 
usually found in solid solutions of copper as the solute concentration 

TABLE 2 

Activation energies for the three stages observed in quenched &u-Al alloys 

Material G 
(at.% Al) (kJ mol-‘) 

19 87.7 
13 89.6 
6.5 93.5 

E, 
(kJ mol-‘) 

148.6 
161.9 
180.3 

ES 
(kJ mol-‘) 

150.1 
159.8 
179.1 
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decreases [47]. The above tendency for both activation energies is also 
consistent with the observed increase in the peak temperatures of stages 1 
and 2, as the alloys become less concentrated. It can also be noticed that 
the activation energies for disordering are practically the same as those 
computed for stage 2. This is inconsistent with a diffusion-controlled 
nucleation and growth of ordered particles in a disordered matrix. If this is 
so, then ordering rates slower than disordering rates would be expected, 
which is not the case in the present work, as calculated below. 

The next step is to assign a suitable law to the experimental reacted 
fractions yl, y, and y3 for stages 1, 2 and 3 respectively. A non-invoking 
mechanism method will be assumed [48]. The integrated kinetic approach 
under non-isothermal conditions gives 

0) 

where IZ is the order of reaction designated as the order parameter for 
solid-state reactions, k, is the process frequency factor (also termed the 
pre-exponential factor) and 0 is the reduced time (the time at which the 
reaction goes to completion at an infinite temperature). Its value can be 
calculated from [49] 

(2) 

where T is the temperature and R the universal gas constant. 
For the correct value of II, a plot of (1 - (1 -y)-‘)/(l -n) against 8 

will give a straight line of slope k,. Equation (1) applies for all values of II, 
except it = 1, for which the equation is 

= k,tI 

Equation (1) was tested with the present data with unsuccessful results. 
However, it was possible to compute process frequency factors from plots 
of ln(l/(l - y)) versus 19. These plots, which resulted in straight lines of 
slope k,, are shown in Fig. 3, thus confirming that a first-order kinetic law 
can be associated with all the stages. The applicability of a specific 
phenomenological model to a certain solid-state reaction has been dis- 
cussed extensively [50-521. 

From the values of E, and ko2, the relaxation times at peak tempera- 
tures TP2 of stage 2 extrapolated to 4 = 0 (500, 505 and 510 K for 19, 13 
and 6.5% Al), r2 = k,-,’ exp(E,/RT,,), can be calculated and compared 
with the diffusion times t,, required for an equilibrium DO ordered state 
to be attained. One obtains r2 = 19, 93 and 836 s for 19, 13 and 6.5% Al, 
these being the upper limiting values. However, t,, = 4.3 x 104, 22.3 X lo4 
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Fig. 3. Plots of ln[(l - y)-‘1 vs. 0 for crCu-Al alloys quenched from 873 K; 4 = 0.33 K s-‘. 

and 5400 x lo4 s [34] for 19,13 and 6.5% Al at the same temperatures. For 
Cu-19% Al, the relaxation time is almost three orders of magnitude lower 
than the diffusion time, this difference being more important as the Al 
concentration decreases. However, the relaxation times at peak tempera- 
tures TP3 of stage 3 extrapolated to 4 = 0 (545, 548, 550 K for 19, 13, 6.5% 
Al), TV = k$ exp(E,/RT,,), are 1.2, 4.5 and 39.3 s for 19, 13 and 6.5% Al. 
These results indicate that the ordering rates are effectively lower than the 
disordering rates, which as already pointed out, is inconsistent with a 
diffusion-controlled nucleation and growth of ordered particles. 

TABLE 3 

Values of process frequency factors for the three stages observed in quenched (YCU-AI 
alloys 

Material 
(at.% Al) 

k 
&0’4 s-1) 

k 
&0’4 s-1) 

19 4.6 2.6 2.0 
13 6.7 6.0 3.8 
6.5 17.0 35 26 
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Electron diffraction 

Electron diffraction patterns in Cu-19% Al were recorded in the elec- 
tron microscope. The spot patterns have limitations derived mainly from 
the fact that extension of reciprocal lattice points into relroads can lead to 
the possibility of reflections over a large angular range. To avoid this 
complication, the diffraction patterns were taken with the foil tilted in an 
exact orientation. Figure 4(a) shows a selected area diffraction pattern of a 
quenched disc specimen from 873 K. Only matrix reflections are observed 
and diffuse scattering is absent, indicating that the alloy is in an almost 
disordered state. Figure 4(b) shows a selected area diffraction pattern of a 
disc specimen quenched from 873 K and annealed at 515 K for 1 h; here 
well-defined superlattice reflections with a distribution of the reflection 
points typical of a periodic anti-phase structure can be observed. It is 
evident that a disperse ordering process has taken place [14,16]. However, 
when a disc specimen quenched from the same temperature is heated in 
the calorimeter at a heating rate of 0.033 K s-l up to 515 K (the peak 
temperature for stage 2), followed by quenching, only diffuse scattering is 
observed as illustrated in the diffraction pattern of Fig. 4(c). The extra 
spots appearing in Fig. 4(b) are not well defined when the alloy is in the 
above condition. The diffraction pattern of Fig. 4(c) is indicative of the 
presence of SRO intensity fluctuations; the four maxima in the diffuse 
scattering at the 110 positions in the reciprocal space are intersections of 
diffuse streaks [14]. Also, there are superimposed reflections belonging to 
segments of some rings for Cu,O, possibly due to a surface layer. The low 
heating rate employed in heating this specimen was chosen in order to 
increase the time range from the initial temperature of stage 1 to the peak 
temperature of stage 2. 

Overall kinetics for stages 1 and 2 

Having confirmed that stages 1 and 2 correspond to the return of SRO 
to equilibrium via two processes, each obeying a first-order kinetic law, it 

Fig. 4. Diffraction patterns in the [OOl] zone of 01-19 at.% Al after different heat 
treatments (see text). 
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will now be demonstrated that they can be depicted by a single relation- 
ship. This expression can be written as a convex linear ~mbination 

Y = Pc’Yl + (1 - Jl)Y, (4) 
where 

Y, = 1 - exp( -k&) 

Y, = 1 - exp( -k,@,) 

8, and 8, being the 8 

(5) 
(6) 

function when E, or E, are used respectively and 
$ = AH,/(AH, + AH,). It should be noted that II/ is a measure of the 
excess vacancy mechanism contribution to the return of SRO, Thus, if 
JI = 1, equilibrium SRO order is attained via an excess vacancy mechanism 
only; $ = 0 indicates that ordering takes place assisted exclusively by 
equilibrium vacancies. Certainly, under the quenching conditions imposed 
on the samples used in the present work, both mechanisms are contributing 
to complete the ordering process. Moreover, in &u-Al alloys the change 
in internal energy can be described entirely by the first SRO parameter 
[37]. This is also supported by the fact that both ordering processes obey a 
first-order kinetic law [53,54]. Hence, the transformed fraction for both 
stages can be expressed as 

y/- 
(YE, 

(7) 

@+Trt -%, 

and, therefore, eqn. (4) yields 

where (yT3 is the equilibrium first SRO parameter when stage 2 goes to 
completion, and aE, is the value retained after quenching. The tempera- 
ture dependence of (Y is mostly independent of the SRO model chosen 
(quasi-chemical theory in pair approximation, cluster variation method, etc. 
[54]). We will adopt an equilibrium Warren-Cowley parameter 

where P&_~, is the conditional probability of finding an aluminium atom 
next to a given Cu atom, C is the aluminium concentration as defined 
earlier, and the superscript e denotes the equilibrium value. The condi- 
tional probability can be calculated from [55] 

&“-AI = 
- 1 + ([l + 4(1 - C)C(w2 - 1)])1’2 

2(1 - C)(w’ - 1) (IO) 

where w2 = exp(Z~/R~), W= V,,_,, - 0.5(VcU_oU + V,,_,,> is the order- 
ing energy and Kj is the binding energy of a Cu-Al atomic pair. 
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Fig. 5. DSC thermogram showing a schematic representation of a two-stage ordering 
process followed by a disordering stage in a quenched alloy. TE, may be simply specified as 
the temperature at which the equilibrium degree of order corresponding to that tempera- 
ture is obtained at room temperature; and DSC trace for a disordering process in a 
furnace-cooled alloy. 

Boundary values for aE, can be estimated as follows. Because energy 
evolutions during non-isothermal scans are due to the return of SRO 
ordering and energy absorptions are due to its destruction, then the 
degrees of order present at room temperature after quenching may be 
specified in terms of an equivalent temperature TE, at which these degrees 
of order would be in equilibrium [21]. In order to make the method 
straightforward, a schematic representation of a DSC trace for a two-stage 
ordering process followed by disordering, is shown in Fig. 5. Also, a DSC 
trace for a disordering process in a furnace-cooled alloy is shown here. 
From Fig. 5, for a given quenching temperature, TEE can be calculated from 
a knowledge of the net absorption or evolution of energy up to some 
temperature at which a constant rate of dest~ction of order has been 
attained, and the rate of absorption of energy on continuous heating above 
such temperature. If AH,(T,, T2), AH&T2, T3), AH&T,, T,) are the ener- 
gies associated with the respective peaks, and A HE, = ACJT,, - T,) where 
ACPe and T, represent the constant differential specific heat and equilib- 
rium temperature at which energy commences to be absorbed at a constant 
rate, then AHE, = AH,(T,, T2) + AH2(T2, T3) - AH&T,, T,). Therefore, 
TE, can be determined from 
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Fig. 6. Variation of the first SRO parameter for &u-Al alloys quenched from 873 K. The 
(Y, curves represent the equilibrium first SRO parameter as a function of temperature. 

Substituting TE, in the expression for w2 and using eqns. (10) and (91, (Ye, 
can be computed for each alloy composition. The ordering energy for 
&u-Al alloys was taken as W= -3.66 kJ mol-’ [12,56]. Figure 6 shows 
the evolution of the first SRO parameter for the three alloys under study 
calculated from eqn. (8) from room temperature to T3. Also its variation 
from T3 to T, was calculated separately by employing an expression for 
y3=((a-q_)/(a3 - a,)), similar to eqns. (5) and (6) but using k,, and 8, 
based on the values of E,. (Y, curves were also drawn in the same figure 
using eqns. (9) and (101. It can be noticed that after the first process was 
completed at T,, an equilibrium degree of short-range order corresponding 
to TE, was reached. Because this increase in (Y between Tl and T2 is 
assisted by excess vacancies, the equivalent equilibrium SRO parameter at 

TD ‘YE?’ corresponds to the equilibrium degree attained after all excess 
vacancies have been annihilated on sinks. (Vacancy migration toward sinks 
assists the rearrangement of atoms for ordering.) As the temperature is 
increased, the equilibrium value of (Y at T3 via an equilibrium vacancy-as- 
sisted ordering mechanism is reached, that is when vacancies form and are 
annihilated at the same rate. Calculated values for (Ye, from 

T 

E2 

=T + Afw2~ T3) -AH3(T37 T,) 

e 
ACpe 

(12) 

in conjunction with eqns. (101 and (9) are in excellent agreement with 
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values measured at T2 in Fig. 6. This fact reflects that the procedure 
employed to evaluate boundary values for equivalent equilibrium SRO 
parameters at the beginning of a particular stage are quite adequate. In 
Fig. 6, the (Y kinetic paths between T3 and T, surpass the (Y curves because 
during the destruction of SRO order on continuous heating, the alloys fail 
to attain a permanent equilibrium state merely from the kinetically con- 
trolled nature of the reaction. 

Furnace-cooled alloys 

For the furnace-cooled alloys, a single disordering stage 3 is observed 
[21,28] which is shown schematically in Fig. 5(b). In this situation 

TE = T, - 
Pff,(TO~ c_)l 

ACpe (13) 

where TO is the initial temperature in the absence of quenched-in vacancies 
(cooling rate, 15 K h-l). Thus, cy can be obtained from eqns. (9), (10) and 
(131, using equations of the type of eqns. (3) and (7). Hence 

(Y = (Y, - ( ay, - (Ye) exp( - k,8) (14) 

between T,, and T,, where k, is the corresponding pre-exponential factor. 
The pertinent thermograms are shown in Fig. 7 at the indicated heating 
rates. As pointed out before, the single stage 3 appearing there is represen- 
tative of a disordering process. There are considerable shifts in the maxima 

-19 AI 

Cu-13 Al 

Cu-6.5 Al 
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LOO 500 600 700 
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Fig. 7. DSC thermograms for aCu-Al alloys furnace-cooled at 15 K h-‘. Each curve is 
labelled with the heating rate. 
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TABLE 4 
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Values of activation energies and pre-exponential factors for furnace-cooled alloys at 15 K 
h-’ 

Cu-19% Al cu-13% Al Cu-6.5% Al 

E (J mol-‘1 156 x103 151 x103 171 x103 
k, (s-l) 1.4 x 1014 4.2 x 1014 25.0 x 10’4 

of the rate of transformation curves to higher temperatures with increasing 
heating rate, implying again that this process is kinetically controlled. From 
such traces, boundary values for the short-range order parameter can be 
evaluated employing eqns. (91, (10) and (131, as for the quenched alloys. 
Activation energies and also k, values were computed as before. These 
value are listed in Table 4. 

From the above data, the variation of (Y with temperature is plotted in 
Fig. 8. The path of the kinetic curves for a, are higher than those 
corresponding to equilibrium because during the destruction of order on 
continuous heating, the alloys fail to attain a permanent equilibrium degree 
of order until T= T,. This feature means that the alloys are in a state of 
order higher than that of equilibrium. Furthermore, the kinetic and equi- 
librium curves intercept each other at temperatures slightly higher than TE 

28 
ql="..wn>-~ 

26 

Fig. 8. Variation of the SRO parameter in furnace-cooled &u-Al alloys (cooling rate 15 K 
h-l). The LY, curves represent equilibrium values of the short-range order parameter as a 
function of temperature. 
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(a) Disc (573K) 
tb)Disc (873K) 
tclPlatet873K) 

"300 400 500 600 700 800 
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Fig. 9. DSC thermograms for Cu-19 at.% Al under different quenching conditions (upper 
curves) and the corresponding reacted fractions y (lower curves). The quenching tempera- 
tures are indicated. Both discs were quenched using a high-quenching-rate device; 4 = 0.33 
K s-l (see text). 

in all cases, which can be naturally attributed to the expected behaviour of 
eqn. (14) between T, and T,. 

Effect of quenching conditions 

From eqns. (4)-(6), the transformed fraction for the SRO reaction via 
both non-overlapping processes can be also expressed as 

y=$[l -ew(-kd4)] + (1 -+>[l -exp(-h&)] (15) 

As pointed out before, + is a measure of the dominance of stage 1, which 
is, in turn, determined by the quenching conditions, namely quenching 
temperature, quenching rate and specimen shape. Disc-shaped samples of 
Cu-19% Al quenched from two different temperatures using a high 
quenching rate device (= 2 X lo4 K s-‘> were supplied to us. The upper 
part of Fig. 9 shows DSC traces at 4 = 0.33 K s-l under different 
quenching conditions. Curve (a) is the result of such a disc sample quenched 
from 573 K. It can be seen that I) = 0. In this case equilibrium is reached 
via an equilibrium vacancy mechanism only. Curve (b) corresponds to one 
of these disc specimens quenched from 873 K. There is only a single peak 
corresponding to stage 1 SRO ordering and (I, = 1. This behaviour is 
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observed because the quenching rate is high and also because the specimen 
su~ace-to-volume ratio (disc) is large, Curve (c) corresponds to sample 
quenched from 873 K under normal conditions that have a plate shape 
before quenching, which is the case in the present experiments. Although 
for this sample the quenching temperature is the same as for the disc, the 
quenching rate is slower and fewer vacancies are frozen in. As a result, 
insufficient excess vacancies remain to complete SRO through stage 1. 

The lower part of Fig. 9 shows the corresponding y against T kinetic 
curves. It can be seen, consistently with the thermograms, that equilibrium 
SRO is attained at lower temperatures when only stage 1 is present, In the 
kinetic path for curve cc), both stages are apparent. Curve (a) only exhibits 
stage 2, the ordering process being completed at a higher temperature (the 
equilibrium first SRO parameter is smaller). The kinetic parameters for 
curves (a) and (b), determined in the same manner as for curve cc), are 
E = 146 and 88 kJ mol-‘, and k, = 2.8 X 1014 and 7.2 X lOlo s-r, also 
obeying a first-order kinetic law. These results are not shown here, for 
brevity. 

Vacancy behaviour 

Solute-vacancy binding in CXCU-Al alloy may be important regarding the 
effective vacancy mobili~. In general, the binding effect arises from two 
factors, namely the size factor and the electronic factor [57]. The size factor 
is responsible for the strain field being produced by the size mismatch for 
oversized solute elements such that the lattice strain so produced is 
minimized by a vacancy-solute atom association. The electronic factor, 
however, is considered to be prevalent in the presence of a solute element 
of valency higher than that of the host element. In the case of cuCu--Al 
alloys, both factors are present. Hence, a non-negligible binding energy is 
expected between an Al-vacancy complex. If it is considered that the 
values for E, are the effective activation energies for vacancy migration and 
those for E, the activation energies for interdi~sion, the effective forma- 
tion energy of a vacancy is Z& = E, - El,. These values are 60.7, 72.3 and 
86.8 kJ mol-’ for 19, 13 and 6.5% Al. Because all expressions relating the 
effective vacancy formation energy to the solute-vacancy binding energy 
E,, are valid only for dilute alloys, interpolated values for E, are required. 
For 3.5 and 1.0 at.% Al, one obtains 94.5 and 101.2 kJ mol-’ respectively, 
taking for pure copper E,f = 106.4 kJ mol-’ [58]. The interpolated values 
for E, were substituted into eqn. (16) [59] 

(16) 



A. Varschavsky / Thermochim. Acta 203 (1992) 391- 417 407 

It can be seen that E, is not a linear function of Tq. However, it is found 
experimentally through measurements of the excess resistivity introduced 
by quenching Ap, that for varying quench temperatures over a sufficiently 
narrow range of values of Tq, d In Ap,/d(l/T,) = -E,/R. Iterative calcu- 
lated values of E,, for 3.5 and 1.0 at.% Al alloys quenched from 873 K give 
23.2 and 20.3 kJ mol-‘. No literature data are available for comparison 
purposes, to the best of our knowledge. An average value of E,, = 21.8 kJ 
mol-’ (0.21 eV) was obtained. Such a value is considered high enough in 
that an important fraction of atoms might be bounded [60]. These less 
mobile complexes increase the effective activation energy for vacancy 
migration E, as compared with the reported values for the activation 
energies of migration of mono-vacancies in the case of quenching from 
moderate temperatures [61]. However, the existence of such complexes 
should reduce the effective activation energy for vacancy formation. It is 
then expected that both effects become more pronounced as the ratio of 
bounded to total number of vacancies increases, which occurs (at a given 
temperature) as the alloy becomes more concentrated [62,63]. Hence, 
although values for activation energies for vacancy migration and formation 
decrease with increasing aluminium content as a consequence of the 
increasing atomic mobility [42], the measured values for (E, - E,)/E, 
should decrease. In fact, such values are 0.69, 0.80 and 0.93 for 19, 13 and 
6.5% Al. (Disintegration of solute-vacancy complexes can also take place 
during stage 2 ordering, as inferred later on [64].) It is interesting to point 
out also that E,, + E(, = 2W [62], E:, being the Cu-vacancy binding 
energy which amounts to - 29.1 kJ mol-‘, indicating a strong repulsion. 

In order for the trapping rate of vacancies by solute atoms to be 
important with respect to the thermal release in determining the bounded 
vacancy concentration, E, 2 5RT [65], which in the present case gives 
T I 524 K. This means that the trapping effect is more dominant in stage 1 
than in stage 2. Hence, during this stage transport by the association-dis- 
sociation reaction and by migration of complexes is also to be expected. 

Another effect connected with vacancy behaviour, which influences the 
effective activation energy for migration and hence the ordering rate, will 
be considered below. 

Vacancy mobility 
The relation between the vacancy jump frequency and the ordering rate 

will now be considered. The mobility of vacancies influences the ordering 
rate in two ways. Firstly, it controls the lifetime of vacancies and, hence, 
their concentration. In this respect, although the vacancy interchanges 
alternately with atoms on either of the constituent elements, Cu and Al, 
the two types of jumps cannot be distinguished in the definition of the 
average migration rate of vacancies to sinks and the associated lifetime. 
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The vacancy mobility V, is simply the sum of its interchange frequencies 
with atoms of Cu and Al. Hence 

V, = ZJC” + ‘VA 

and the activation energy for vacancy migration is 

(17) 

a 1 

Em = 8(l/RT) 
In 

i i VC” + VAI 
I (18) 

However, the relation between these jump frequencies vcU and vM and 
the resulting ordering rate is more complex. Clearly, not every atom jump 
participates in the ordering. To evaluate the ordering rate, only Cu-Al or 
AI-Cu jumps will be taken into account. A weighted frequency ZJ,* must be 
used [66] 

/ (19) 

where z (= 12) is the coordination number and the value of y is 1 or l/7 
for directional or short-range order respectively [66]. Then, the activation 
energy E,* associated with v,* is 

a 1 1 

% = a(l/RT) In yc, + < i 1 
As a consequence, while the vacancy lifetime is determined by the faster 
jump vA1, the ordering rate is controlled mainly by the slower jump ycU, as 
can be inferred from the results presented below. The frequencies vcu and 
vAl are related to the diffusion corresponding radioactive tracers by 

cVvAla 
2 

D 
cvvcua 

2 

cu = 1-C 
DM= 

c (21) 

where cv is the vacancy concentration and pi the lattice parameter. 
In order to compute vcU and v~, D, and DAI were evaluated by the 

method proposed by Beke et al. [67]. Only available data employing CII~ 
exist for D, in a wide range of Al concentrations [68]. The results 
obtained for D, were in excellent agreement with those data, as can be 
seen below, which also infers, in principle, that the reliability of the values 
obtained for DN is good. The activation energies for tracer diffusion are 
given by [67] 

Q,.(Z) = &(C)[ TE(C) + N(2Z AT - i’>] + y(Z)[ T,(Cu) + Ef] (22) 

Q,(Z) =a’(~)(T,(F) + 9% 42(1 -E) AT+ f]} 

+ y(C)[ em + f+ F(f- 2 AT)] (23 
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TABLE 5 

Calculation of activation energies for tracer diffusion 

Material T,(C) (u’(C) (X 10m3 -y(c) (X 10F3 AT f Q Al 
(at.% Al) (K) kJ mol-’ kJ mol-’ (KI (K) kkrnol-‘) (kJ mol-‘1 

K-‘) K-‘) 

19 1313 77.1 72.7 117.2 - 94.9 192.6 173.0 
13 1323 76.9 72.5 91.2 -120.4 193.5 180.5 
6.5 1348 76.7 72.4 48.6 - 63.5 195.5 188.0 

with 

T,(c) = T,(Cu) + C[ T,(Al) - Tm(Cu)] + 2C(l- 2) AT (24) 

where T,(Cu) and T,(Al) are the melting temperatures of Cu and Al, T,(C) 

is the mean temperature between the liquidus and solidus and 

f = TnW) - TmW + AT 

2 (25) 

where AT = Wj3/2n, p and n being constants. It should be noted that if 
the alloy is in an ideal random state (W= O), AT = 0. In eqns. (22) and (23), 
a’(C) is a linear interpolated coefficient calculated between a’(Cu> = 
(H,(Cu)/T,(Cu)) and a’(A1) = (H,(Al)/T,(Al)) where H,(G) and H&Al) 
are the formation energies of vacancies. y(C) is also a linear interpolated 
coefficient calculated between y(Cu) and y(Al) obtained from Q<Cu> = 
(a’(Cu) + y(Cu)T,,,(Cu)) and Q(A1) = (cr’(Al) + y@l)T,b4l)), Q(Cu) and 
&(A0 being the activation energies for self-diffusion. The constant 8 is 0.16 
[67]. Values for T,(Cu), T,(Al) and T,(C) were obtain from the equilibrium 
phase diagram, allowing AT to be computed from eqn. (24) and then T 
from eqn. (25). Values of H&CM and H&Al) were taken from ref. 58. All 
relevant data and the corresponding values for Q,,(Z) and Q,JC> are listed 
in Table 5. 

It is interesting to note that the activation energies E, are lower than 
the corresponding values for both components. This effect was also ob- 
served in some Ag-Au alloys [69] and its explanation is still unclear. 

The diffusion constants D,(Cu) and D&Al) were evaluated using [70] 

where M(C) is the mass of the “average” CuAl atom and their values were 
obtained from ref. 34 (p = 6.64 X 10e2 K &.I mol-‘I), and p = -4.3 [70]. 
The calculations are summarized in Table 6. 
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TABLE 6 

Calculation of tracer dif~sion constants 

Material M(T) a 
(at.% Al) (lo-” kg at-‘) (X10-‘* m) 

DOG”, 
(X 10e4 m* s-r) 

Do(Ar) 
(X low5 m* s-l) 

19 9.40 3.69 1.16 5.18 
13 9.73 3.67 1.34 9.85 
6.5 10.2 3.64 1.69 7.38 

f”rlO%-‘1 T-‘xW3M- 1 T-‘x1O5 (K“ ) 

Fig. 10. Vacancy jump frequency to sinks (v,) and vacancy jump frequency controlling the 
short-range ordering rate (~2) plotted against the reciprocai of temperature for LUCU-Al 
alloys. 

With the values of Qcu, QA1, Do(c.j and DNA,) and noting that 

vln = vom exp( -E,/RT) and Y* = ZJ&, exp( -E,*/RT) m (27) 

and because an Arrhenius plot is obeyed, values for varn, Y&,, E, and E,* 
can be calculated from eqns. (171421) using Fig. 10. This plot was made in 
the temperature range below the melting temperature of Al. The results 
are listed in Table 7. 

Computed values for porn and vo*, are in excellent agreement with those 
obtained for other ahoy systems [.53,‘71], as are the activation energies for 
vacancy migration to sinks E, [61]. Values for Ez are larger but still 
smaller than those obtained from the thermograms for E, which determine 

TABLE 7 

Values for activation energies for vacancy migration and jump frequency constants 

Material E, E,* VOlll Gn 
(at.% Al) (kJ mol-‘) (kJ mol-‘) (x 1014 s-1) (x 10’4 s-1) 

19 70.4 82.0 1.02 3.14 
13 74.2 86.7 2.0 3.16 
6.5 77.1 89.6 3.5 3.7 
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the ordering rate. E, and Ez correspond to monovacancies and, in the 
absence of bounded vacancies the effective activation energies E, would be 
expected to be very close to E,* for each alloy concentration. However, it 
has been shown here that the influence of vacancy complexes with lower 
mobility may contribute to increases in E, and then it is expected to be 
larger than E,. * Therefore, it follows consistently that E, > E,* > E,, as 
calculated. 

The connection between the kinetic path of stage 1 given by y, and the 
relief of the vacancy supersaturation S = (cV - c,,)/(c,(O) - cJ, where 
c,(O) is the vacancy concentration after the quench, c, is the equilibrium 
concentration and c, the actual vacancy concentration at temperature T, 
will now be investigated. First-order kinetics were assumed for the elimina- 
tion of vacancy supersaturation, which assumes that elimination takes place 
on fixed sinks [54]. The characteristic process frequency factor is given by 
k Om =PP~~, where pv is the effective sink density. For a dislocation 
density 6 = lo7 cm cmP3, as expected in the present material and using the 
conventional relation pV = 27rM/ln(r,/r,) in which rS is the average 
distance between dislocations, rc the capture radius of the dislocation and 
b the atom jump distance, pV = 4.3 X lo-* at-’ is obtained. This value, in 
conjunction with the values calculated for Ye,.,,, gives k, = 6.7 x 105, 
1.3 X lo6 and 2.3 X lo6 s-l for 19, 13 and 6.5% Al. Furthermore, under 
non-isothermal conditions, S = exp( - k,,B,(E,)). Curves for S and y, 
plotted against T are shown in Fig. 11. For illustration purposes only, an S 
curve was plotted for a deformed material with 6 = 10n cm cmP3, which 

T(K) T(K) 

Fig. 11. Kinetics of the supersaturation vacancy decay (S) for &u-Al alloys quenched from 
873 K. The reacted fraction during stage 1 (y,) is also shown for each alloy. In Fig. 11(d), 
the supersaturation decay is plotted for Cu-19 at.% Al, showing two different dislocation 
densities representative of deformed (6,) and annealed (6,) materials; 4 = 0.33 K s-l. 
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corresponds to pv = lo-’ at-‘. For such a specimen, it can be inferred that 
stage 1 should go to completion at a lower temperature. Comparison of 
both y1 and S curves, confirms that stage 1 effectively corresponds to an 
SRO process assisted by excess vacancies, because in all cases it goes to 
completion just when the vacancy supersaturation vanishes. Moreover, both 
curves exhibit symmetrical kinetic paths. It is then inferred necessarily that 
during stage 2 the ordering process must be completed, assisted by equilib- 
rium vacancies and by vacancy complexes which were not yet eliminated 
during stage 1. This behaviour is consistent with the determined values for 
k,, from the thermogram of Fig. 1. In fact, one can calculate for an SRO 
process assisted by equilibrium vacancies only, a process frequency factor 

where A = exp(AS,/R) = 2, AS, being the formation entropy of a vacancy, 
with q and efficiency factor of order unity, as generally used [72]. Thus, 
k&, = 6.3 X 1014, 7.7 X 1014 and 7.4 X 1014 s-’ for 19, 13 and 6.5% Al, in 
fairly good agreement with the values of k, listed in Table 3. Values of 
k,*, can also be roughly estimated. The initial and final values for k,*, are 
k~i = ~c,(O)v& at Ti and k,,,= ~cveqv& at T2 when stage 1 goes to 
completion, because the initial excess vacancy concentration falls as the 
temperature is raised, c,(O) being much higher than c,,~ at T2. For 
simplicity, it will be assumed that kz calculated by non-isothermal tech- 
niques is the average of the initial and final values. Hence 

(29) 

neglecting k,*,, with respect to k,,. With the values of the effective energy 
for vacancy formation Ef = E, - E,, and considering as a first approxima- 
tion that c,(O) =A* exp(-E,/Z?T,), one obtains c,(O) = 4.6 X 10m4, 1.6 X 

lop4 and 5.2 X 10m5 for 19, 13 and 6.5% Al, giving k,*, = 7 X lOlo, 3.1 X 10” 
and 1 x 10” s-l if q = 1. Although the agreement with the values calcu- 
lated from the DSC traces is very good for Cu-19% Al and Cu-13% Al, 
for Cu-6.5% Al it is poorer, presumably because different efficiency 
factors should be considered for different Al contents. 

The method of Beke and co-workers [67,70] used to compute tracer 
diffusion coefficients, also allows an estimation of the binding energy of 
divacancies, which can be expressed by 

E&) = &d(Z)T,(C) PO) 

Using the computed data for 0, a’(Z) and T,(C), E, = 16.2, 16.3 and 16.6 
kJ mol-’ for 19, 13 and 6.5% Al. Therefore, it is advisable, in the absence 
of reported data, to take the average value of E, = 16.4 kJ mol-’ (0.17 
eV). 

When the fractional concentration of solute atoms is higher than that of 
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vacancies and the binding energy E, of a divacancy (16.4 kJ mol-‘1 is 
smaller than the binding energy E,, of a single vacancy to a solute atom 
(21.8 kJ mol-‘), then the formation of divacancies can be ignored because 
a single vacancy has more chance of encountering a solute atom than 
another vacancy. It was assumed that this is the case for aCu-Al alloys in 
the present work. 

Concentration dependence of the relative increase of the SRO parameter 

The fractional increase in (Y during a DSC experiment depends on many 
factors, which make the above treatment somewhat simplified. As the alloy 
composition increases in quenched alloys, the excess vacancy concentra- 
tion, the vacancy mobility, the bound-to-free vacancy ratio and the degree 
of SRO also increase during stage 1. But the increase in SRO degree 
produces a decrease in the vacancy concentration and a decrease in the 
vacancy mobility. Also the bound-to-free vacancy ratio is expected to 
become lower. Therefore, the net free vacancy concentration and the 
effective vacancy mobility are strongly dependent on the interplay of all 
these factors during stage 1. They are shown schematically in Fig. 12. The 
controlling factors for the same material variables during stage 2 are also 
shown on the figure. 

On the basis of this flow chart, the fractional increase of the first SRO 
parameter R, = ((Ye, - aE,)/cxE, during stage 1 is now considered. As 
discussed above, there is simultaneous interplay of some effects in favour 
and of others in opposition to a net relative increase in the first SRO 
parameter. It is then plausible that R, goes through an extreme value for 
intermediate Al contents. In fact, a maximum is observed for Cu-13% Al, 
as shown in Fig. 13. In the same figure it can be seen that the fractional 
increase of the first SRO parameter, R, = (cxT, - aE2)/~E2, corresponding 
to stage 2, decreases systematically as the alloy becomes more concen- 
trated. If the same arguments are valid for stage 2, the observed tendency 
indicates that the factors retarding the net relative increment in R, 
become much stronger than in stage 1 with increasing aluminium content. 
This behaviour is not unexpected because in stage 2, where the degree of 
SRO is larger than in stage 1, both the free vacancy mobility and the 
vacancy concentration reducing effects would be consequently more con- 
spicuous. Thus, extreme values of R, might not be present over the whole 
range of alloy compositions, as was effectively observed. 

CONCLUSIONS 

The investigation by differential scanning calorimetry of the ordering 
process in &u-Al alloys leads to the following conclusions: 

(a) Rising temperature experiments are better interpreted in terms of a 
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At.%At 

Fig. 13. Fractional increase of the first SRO parameter for stages 1 (R,) and 2 (R,) as a 
function of aluminium content. 

homogeneous SRO rather than a heterogeneous DO model. This feature is 
also supported by electron diffraction observations. 

(b) Under non-isothermal heating after quenching as described above, 
SRO takes place in two stages, stage 1 at lower temperatures and stage 2 at 
higher temperatures. The SRO kinetics until equilibrium is attained be- 
come faster as the aluminium content increases. Stage 1 ordering is assisted 
by the migration of excess vacancies, while stage 2 ordering is assisted by 
the migration of equilibrium vacancies. 

(c) The concentration of excess vacancies is mainly controlled by the 
quenching temperature, the shape of the sample being quenched, the 
quenching rate and the number of vacancy sinks. These factors, in turn, 
control the predominance of each stage. 

(d) An expression which describes the overall SRO kinetics for both 
stages 1 and 2 was developed. The kinetic process can also be evaluated in 
terms of the first SRO parameter, making use of a method suitable for 
obtaining boundary values. In furnace-cooled alloys, only stage 3 is ob- 
served. 

(e) Effective activation energies for stage 1 are consistent with those for 
vacancy migration controlling the ordering rate, while activation energies 
for stage 2 are consistent with those for interdiffusion. Activation energies 
for vacancy migration controlling their lifetime resulted in smaller values. 

(f) The number of less mobile vacancy-solute complexes may be impor- 
tant in these alloys. They are likely to be annihilated at temperatures in the 
range of stage 2. A solute-vacancy binding ‘energy of 21.8 k.J mol-’ and a 
divacancy binding energy of 16.4 kJ mol-’ were estimated. 

(g) Process frequency factor values are in agreement with those ex- 
pected from the development of SRO during stages 1 and 2. 

(h) The fractional increase of short-range order during stages 1 and 2 in 
quenched alloys is a complex interplay of vacancy concentration and 
vacancy mobility effects which can be understood using a flow diagram. 
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